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ABSTRACT
The drawing behavior of Ultrahigh Molecular Weight Polyethylene (UHMWPE) fibers in supercritical C02 (scC02) is compared to that in air at different temperatures. Temperature substantially influences the drawing properties in air, while in scC02 a constan draw stress and tensile strength are observed. Differential Scanning Calorimetry (DSC) shows an apparent development of a hexagonal phase along with significant improvements in crystallinity of air-drawn samples with increasing temperature. The existence of this phase is not confirmed by Wide Angle X-ray Scattering (WAXS) showing that air-drawn samples crystallize in an internally constrained manner. In contrast, scC02 allows crystals to grow without constraints through a possible crystal-crystal transformation, increasing the processing temperature to 110°C. List of Tables   Table 1. Physical properties of UHMWPE fibers used in this study 2 Table 2 . Single fiber tests of some of the UHMWPE fibers treated at different processing conditions 9 Table 3 . d-spacing of the observed reflections 19
Vll Preface
The drawing behavior of Ultra High Molecular Weight Polyethylene (UHMWPE) fibers in supercritical C0 2 (scC0 2 ) is compared to that in air at different temperatures. Temperature substantially influences the drawing properties in air, while in scC0 2 a constant draw stress and tensile strength are observed. Differential Scanning Calorimetry (DSC) shows an apparent development of a hexagonal phase along with significant improvements in crystallinity of air-drawn samples with increasing temperature. The existence of this phase is not confirmed by Wide Angle X-ray Scattering (WAXS) showing that air-drawn samples crystallize in an internally constrained manner. In contrast, scCO? allows crystals to grow without constraints through a possible crystalcrystal transformation, increasing the processing temperature to 110°C.
This report was prepared under Contract No. DAAD16-00-P-0769 and reflects the results of an investigation performed during the period July 2000 to July 2001 by Alan J. Lesser, associate professor at the Polymer Science and Engineering Dept, University of Massachusetts, Amherst, MA 01003.
IX INTRODUCTION
Introducing supercritical C0 2 into the drawing process of a polymeric material can modify its final properties. The presence of supercritical C0 2 promotes changes in the state of stress of drawing, imposing hydrostatic contributions to the principal stress of uniaxial deformation, creating a very complex state of stress that in some cases is able to modify the physical and mechanical properties of the deformed material. Factors due to the presence of supercritical C0 2 are combined in a complex way with those related with the imposed hydrostatic pressure. The complexity of this process is enhanced by the fact that the properties of C0 2 are highly pressure-and temperature-dependent. Supercritical C0 2 as described elsewhere is a non-solvent for most polymers, with the exception of some fluoropolymers. It is widely accepted that supercritical C0 2 selectively permeates the amorphous phase of a semi-crystalline polymer inducing crystallization. Supercritical C0 2 has also been described as a reversible plasticizer since it is easily removed from the system simply by releasing the pressure, leaving the final product solvent-free, reducing the costs of solvent removal.
The imposed hydrostatic pressure has been related with some changes observed experimentally as well. Crystal-crystal transitions have been observed in the case of polymorphic materials when a high-pressure medium is imposed. Along with this, it is well known that in some cases, high-pressure tend to suppress chain mobility as well as to enhance the draw efficiency of a process.
Hobbs and Lesser 1 have shown that the final properties of Polyethylene terephthalate) (PET) fibers drawn by a two-stage process were considerably affected by the presence of C0 2 . The C0 2 pressure dramatically affected the drawing behavior during the first stage as well as the total draw ratio obtained at the end of the second stage. A 10% increase in modulus and strength was observed for the case of samples treated in high pressure C0 2 . This behavior has been proved to be valid by Lesser in other semicrystalline polymers as well. Considerable improvements in the ultimate tensile stress, as well as in the young modulus for the case of Nylon 6,6 fibers when drawn in the presence of supercritical C0 2 (2500 psi) have been observed. Significant increases in crystallinity and crystalline orientation have been estimated for these fibers when treated in C0 2 .
EXPERIMENTAL Materials
The UHMWPE fibers (Spectra® 900) obtained from John Song at U.S. Army Soldier Systems Command-RD&E Center at Natick, Massachusetts have been used in this study. The intrinsic properties of these fibers, as reported commercially, are summarized in Table 1 . The ultra high purity carbon dioxide (C0 2 ) used in this study was obtained from Merriam Graves Co.
conditions. In C0 2 experiments, no significant increase in crystallinity is observed, and the thermograms of samples deformed at different temperatures remain unchanged.
No significant changes in the general morphology are observed regardless of the processing conditions as suggested by SEM analysis. The high orientation remains unchanged in all the samples as confirmed by the strong reflections observed in WAXS.
In contrast of what expected, the presence of the hexagonal phase in air-drawn samples deformed at higher temperatures was not confirmed by WAXS. An orthorhombic unit cell is present in all the samples, showing two strong reflections (110 o and 200 o ), with no trace of the suggested hexagonal phase.
These results clearly suggest that the deformation in the presence of high-pressure C0 2 is different from that observed at ambient pressure. The high-pressure along with the presence of C0 2 promote significant differences in the deformation process, which reflect in the final thermal and drawing behavior.
Drawing in air appears to involve the deformation of an orthorhombic unit cell along the entire process. The macroscopic deformation imposed to the sample promotes some strain-induced crystallization, which is responsible for the increased crystallinity as detected by DSC. The macroscopic deformation is highly temperature dependent in this case, as judged by the considerable increase in the draw ratios for the case of air-drawn samples.
The addition of new crystals to the existing crystalline lamellae is restricted in this case due to the low mobility of chains within an orthorhombic unit cell, so these new crystals have basically two possibilities, either grow between the existent lamellae or as extended single chains, this later possibility being something specifically valid for PE. These two situations inevitably promote internal constraints in the sample. In any of these cases the newly born orthorhombic crystals will tend to expand to the more mobile hexagonal phase during heating, relaxing the stress imposed by the internal constraints before transforming into the melt phase. This explains the appearance of the melting endotherm of the hexagonal phase observed at 150°C for the case of air-drawn samples. At ambient conditions, however, no hexagonal phase is present and only the orthorhombic unit cell is present as confirmed by WAXS.
The deformation in the presence of high-pressure C0 2 appears to involve a crystal-crystal transformation, from the orthorhombic unit cell observed at room temperature to the more mobile hexagonal phase due to the high-pressure environment (3000 psi). It is well known that the mobility of the hexagonal phase is related with the degrees of freedom that a chain in this unit cell will have in terms of the rotations around the c-axis, but that the deformation along the chain backbone is somewhat restricted. If as suggested a hexagonal phase is formed in this case, lower macroscopic deformations are expected for these samples due to the imposed uniaxial deformation. This is actually in agreement with the lower draw ratios observed in this case with respect to the air-drawn samples.
The smaller macroscopic deformations in these cases restrict the amount of straininduced crystallization, promoting that the crystallinity of samples treated in C0 2 do not change with increasing drawing temperature, something also confirmed by DSC. The appearance of the hexagonal phase due to the presence of high-pressure C0 2 also explains the observed increase in the processing temperature range. Since the hexagonal phase melt at a higher temperature, the deformation can be conducted at higher temperatures without considerable softening. As mentioned before an increase of almost 30°C was observed when the deformation was done with supercritical CO2.
In contrast with the case of air-drawn samples, in this case the newly bora crystals can be added to the existing crystalline lamellae without promoting internal constraints into the sample, due to the high mobility of the hexagonal phase promoted by the highpressure. Thus, no change in terms of the thermal behavior is expected for samples treated in supercritical CO2 at different temperatures, something also confirmed experimentally by DSC. At the end of the experiment, when the pressure is released and the temperature is reduced, crystals within the sample will return to the original orthorhombic phase, and as described below, no internal constraints will be present. This explains the fact that only an orthorhombic phase is detected by WAXS in these samples at ambient conditions.
CONCLUSIONS
The drawing behavior of UHMWPE fibers (Spectra 900) in supercritical C0 2 (SCCO2) was compared to that in air at different temperatures. Samples drawn in air showed a considerable temperature dependence in their drawing properties. In contrast scC02-drawn samples showed a constant draw stress (=290 MPa) and tensile strength («1500 MPa) over the entire temperature range. The existence of a hexagonal phase in the air-drawn samples was suggested by DSC by the appearance of a melting endotherm around 150°C with increasing drawing temperature. Along with these results, significant improvements in crystallinity were observed for these samples by increasing the processing temperature. WAXS results, however, suggested that no hexagonal phase was present in any of the samples regardless of the processing conditions. These results showed that the appearance of the high-temperature melting peak in DSC was due to the internally constrained manner in which air-drawn samples crystallize. In contrast, samples deformed in scC0 2 were able to crystallize and grow without internal constraints via a possible crystal-crystal transformation to a hexagonal unit cell. The existence of this hexagonal unit cell during deformation in SCCO2 is consistent with the lower draw ratios experimentally confirmed for these samples, as well as with the increased processing temperature up to a value of 110°C. This document reports research undertaken at the U.S. Army Soldier and Biological Chemical Command, Soldier Systems Center, Natick, MA, and has been assigned No. NATICK/TR-^S /^ö3 in a series of reports approved for publication.
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